The Standard Quantum Limit (SQL) in interferometric displacement measurement imposes a restriction on the precision of the measurement due to its quantum back-action noise.
The Standard Quantum Limit (SQL) in interferometric displacement measurement imposes a restriction on the precision of the measurement due to its quantum back-action noise.
1 This limit can be surpassed over a broad frequency band by injecting squeezed vacuum states with a frequency dependent (FD) quadrature angle into the measurement system.
2 Here, we demonstrate the generation of FD squeezed vacuum states by utilizing Einstein-Podolsky-Rosen (EPR) entangled states. The frequency dependence of the squeezed state can be tuned by conditionally filtering the measurement once the two entangled fields are detected. A stable control scheme for the method is demonstrated which can be implemented in future gravitational-wave detectors to improve their astronomical reach.
The detection of the binary neutron star inspiral GW170817 by the Advanced Laser Interferometer Gravitational Wave Observatory (LIGO) 3 and Advanced Virgo, 4 followed by counterpart observations across a broad electromagnetic spectrum, marks the dawn of multi-messenger astronomy. 5, 6 The discovery rate and potential of gravitational-wave astronomy is limited by the detector's sensitivity. A key challenge in improving the sensitivity of gravitational-wave detectors is to reduce quantum noise which arises due to the quantum nature of light.
Quantum noise is driven by the vacuum fluctuations which enter into the interferometer via the dark readout port.
7 This affects the interferometer in two ways: imprecision noise, also called shot noise, which limits how well the phase difference between the interferometer arms can be resolved, and backaction noise, also called quantum radiation pressure noise, which imparts a displacement noise on the suspended mirrors due to amplitude fluctuations. A reduction of the shot noise by increasing the optical power in the interferometer results in an increase in the backaction noise, and the trade-off between these two which results in the minimum total noise is known as the SQL.
1,2,8
A well established technique to improve the sensitivity of the interferometer is to replace the coherent vacuum fluctuations into the dark port with a squeezed vacuum state.
2 In accordance with the Heisenberg Uncertainty Principle, the variance of a quadrature in a squeezed state can be reduced at the expense of increased variance in the * Corresponding author: minjet.yap@anu.edu.au orthogonal quadrature. This allows the quantum noise to be manipulated, reducing shot noise at the expense of increased backaction noise, or vice-versa. Using squeezed vacuum generated from a nonlinear crystal via the parametric down conversion process, 9-11 shot noise reduction has been successfully demonstrated at the GEO-600 12 and LIGO Hanford 13 detector, and is now in routine operation in current GW detectors..
However, in order to achieve broadband quantum noise reduction across the entire detection band and to surpass the SQL, the squeezed vacuum state injected must have a frequency-dependent (FD) squeezing quadrature.
2
This rotation can be achieved by passing a frequencyindependent squeezed state through a dispersive element with a narrow linewidth.
2,14,15 For gravitationalwave interferometers, implementation of this technique requires filter cavities with optical linewidth of the scale of 50 Hz.
16,17 This is experimentally challenging as the low linewidth requirement dictates a long baseline filter cavity in order to limit performance degradation from optical losses.
18-20 In 2017, Ma et.al. proposed a method to generate FD squeezed states without the need of an external filter cavity. 21 The proposal relies on the use of Einstein-Podolsky-Rosen (EPR) entangled states, and utilizing the interferometer as both a gravitational-wave detector and a filter cavity. A similar proposal using EPR states has also been studied for GEO600 operating in a detuned configuration.
22
In this work, we verify the proposal by experimentally demonstrating the generation of FD squeezed vacuum with EPR entangled states. Rotation of the squeezing quadrature was achieved with a 0.5 m long optical resonator, and a squeezing phase control scheme was implemented which is scalable for application in gravitationalwave interferometers.
The scheme works by first generating an EPR entangled signal and idler pair at frequency ω 0 and ω 0 + ∆ respectively, as shown in Figure 1 , by pumping an Optical Parametric Oscillator (OPO) at frequency 2ω 0 +∆.
1,24,25
This results in the signal field upper sideband being correlated with the idler field lower sideband, and vice-versa. The entangled pair are then injected into a test cavity such that the signal field is on-resonance with the cavity, while the idler field is detuned from the cavity. Due to the detuned cavity response, the upper and lower sidebands of the idler fields undergo a frequency dependent differential phase rotation, resulting in a quadrature rotation. In the original proposal, 21 the entangled fields are injected into the dark port of the gravitational-wave interferometer instead. The reflected fields of the test cavity are then picked off and the signal and idler fields are spatially arXiv:1908.08685v1 [quant-ph] separated with an additional optical cavity, which acts as a frequency selective beamsplitter, before being measured by two separate homodyne detectors. The measurement of the idler field is combined with the signal field measurement resulting in conditional squeezing in a frequency-dependent manner. In a gravitational-wave detector, the idler field needs to undergo Wiener filtering before the recombination for the FD squeezing to counteract the quantum radiation pressure noise, achieving the broadband reduction of quantum noise.
In our experiment, the OPO produced entangled signal and idler fields with a nominal separation of ∆ = 851 MHz which corresponds to the OPO free spectral range. The test cavity was an over-coupled linear cavity with a length of L ≈ 0.5 m and a half-width-halfmaximum (HWHM) of γ tc = 1.25 MHz. In the final measurement, the two homodyne readouts are combined passively with an electronic combiner where the measurement spectrum is taken, and the power of the signal and idler LO is tuned to ensure that the readouts are combined equally. A more detailed description of the experiment is found in the Supplementary Information.
Reflection from the detuned test cavity imparts a quadrature rotation on the entangled fields. This results in frequency dependent squeezing being generated at the combined spectrum. Experimentally measured noise spectra of the combined output are shown in Figure  2 for different signal and idler detuning, δ sig/idl from the test cavity resonance. The measured data is acquired by recording a spectrogram of the combined output while a linear ramp is placed on the idler LO phase. The electronic dark noise which is approximately 10 dB below the combined shot noise level was also subtracted from the final measurement.
The case for δ sig = δ idl = γ tc is shown in the left column of Figure 2 . The same quadrature rotation is imparted onto both the entangled fields which results in the output spectrum being rotated to the orthogonal quadrature about γ tc . This is equivalent to a squeezed state reflecting off the test cavity with detuning γ tc . The observed 2 dB reduction below shot noise correspond to a total loss of 47 ± 4% based on fits from the theoretical model. The high loss is predominately due to the low quantum efficiency of the homodyne photodiodes (80%) used in the experiment. A separate loss measurement was performed to reconfirm this and is described in the Methods section. The reduction in the squeezing and anti-squeezing level at high frequency is due to the OPO HWHM of γ OP O = 12.1 MHz.
The middle column of Figure 2 shows the noise spectrum of the combined output when δ sig = 0 and δ idl = γ tc as proposed in the original paper.
21 The quadrature of the idler field is rotated in a frequency-dependent manner by the detuned cavity, and is conditioned onto the signal field resulting in the FD squeezing being produced. The optimal rotation to the orthogonal quadrature can be achieved by implementing Wiener filtering when combining the spectrum.
21
Operating a gravitational-wave interferometer with a detuned signal recycling cavity allows for enhanced strain sensitivity at higher measurement frequencies.
26
The detuned cavity however rotates the optimal readout quadrature, requiring FD squeezing to achieve a broadband reduction in quantum noise around the detuned frequency.
22 By detuning the entangled fields at opposite sides of the test cavity, the quadrature rotation incurred by the entangled fields cancels one another. This results in no frequency dependent squeezing being observed, as shown in the right column of Figure 2 where
To achieve stable phase control of the squeezed ellipse, an auxiliary Coherent Locking Field (CLF) was introduced.
27,28 A phase modulated CLF at half the OPO pump frequency is injected into the OPO to generate three error signals for controlling the readout angle, as shown in Figure 1 . The parametric down conversion process in the OPO imparts a phase shift on the CLF sidebands, allowing the CLF to track the OPO pump field phase via active feedback to the CLF phase. The transmitted CLF lower (upper) sideband then co-propagates with the entangled fields and interferes with the signal (idler) homodyne LO with a beat note frequency ∆ CLF = 12.07 MHz. The error signal generated from this beat note is fed back to both the signal and idler LO phase, allowing the readout angle to be stabilized. Derivation of the CLF error signals are presented in the Supplementary Information. Squeezing angle is stabilized when the CLF lock is engaged at t = 3 sec. b, Noise level from the spectrogram averaged between 200 -300 kHz (blue), and 9 -10 MHz (orange). Figure 3 shows a spectrogram of the frequency dependent squeezing measurement with the CLF stabilization engaged with δ sig = 0 and δ idl = 1.01γ tc . Stable lock was maintained for approximately 80 seconds before the readout angle started to drift. This drift was attributed to drifts in the error signal offset of the CLF lock at the OPO reflection due to residual amplitude modulation from the Electro-Optic Modulator (EOM) used to generate the CLF sideband. The CLF stabilization can be improved by slightly increasing the transmission of the mirror through which the CLF is injected into the OPO in order to improve the signal-to-noise ratio of the CLF error signal. Implementation of active length stabilization for the mode cleaner cavity would also improve the long term stability of the CLF stabilization system.
The results presented here demonstrate the feasibility of generating FD squeezed vacuum with EPR entangled states, and a scalable approach for implementation into gravitational-wave detectors. For a given amount of squeezed vacuum injected into the interferometer, the EPR approach experiences a signal-to-noise ratio reduction of a factor of two compared to traditional schemes using an auxiliary filter cavity due to additional noise contribution from the idler field.
21 However, this technique also obviates the need for a separate suspended, low-loss filter cavity, which is expensive and would require a considerably more complex control scheme. It has long been realised that squeezing is a manifestation of entanglement between sidebands of a degenerate OPO.
1
What this work shows is that, with careful design, more general entangled states can be manipulated to provide tunable quantum noise suppression in ways that go beyond standard squeezing.
METHODS

Detection loss estimation
The amount of squeezed light reduction observed is limited by losses which introduce vacuum fluctuations back into the entangled field, degrading the coherence between the signal and idler fields. The noise variance in the anti-squeezed and squeezed quadrature, V ± scaled to the combined shot noise limit of the signal and idler field is given by
where l is the total detection loss, x is the normalized pump parameter which scales with the OPO pump power, γ OP O is the OPO HWHM, and Ω is the measurement frequency. Based on measurements of the squeezed and anti-squeezed level for different OPO pump power, the total detection loss is estimated to be 49 ± 2 %. The relative phase fluctuation between the squeezed and readout quadrature would also limit the amount of squeezing observed. However due to the relatively high losses in the system, phase noise does not have a significant impact on the experiment. CE170100004. M.J.Y. acknowledges Ben Buchler, Georgia Mansell and Vaishali Adya for helpful discussions. 
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SUPPLEMENTARY MATERIAL I. EXPERIMENTAL SETUP
The EPR entangled source is a sub-threshold non-degenerate optical parametric oscillator (OPO) consisting of a periodically-poled potassium titanyl phosphate (PPKTP) nonlinear crystal embedded within a bow-tie cavity. The OPO is pumped with an optical field at frequency 2ω 0 + ∆ generated from a second harmonic generator (SHG), and produces entangled signal and idler vacuum fields at frequency ω 0 and ω 0 + ∆ respectively, 1 as shown in Figure S1 . The OPO has a threshold pump power of 66.3 mW and a signal-idler nominal separation of ∆ = 851 MHz which corresponds to the OPO free spectral range.
The signal and idler entangled states are injected into an over-coupled test cavity which consists of an input mirror with a 95% power reflectivity, and a highly reflective end mirror. The test cavity has a length of L ≈ 0.5 m and a half-width-half-maximum (HWHM) of γ tc = 1.25 MHz. The test cavity length is controlled using RF reflection locking 2 with an orthogonally polarized locking field that is frequency-shifted from the main laser by ∆ tc ≈ 152 MHz using a double passed Acousto Optic Modulator (AOM). The relative detuning of the signal and idler field to the test cavity is controlled by fine-tuning ∆ and ∆ tc .
The reflected fields of the test cavity are picked off using a Faraday isolator and are directed toward the measurement stage. The signal and idler fields are spatially separated with an impedance matched triangular mode cleaner cavity which allows the signal field to be transmitted and the idler field to be reflected. The mode cleaner has a free spectral range of ∼ 2∆, and a HWHM of γ M C = 60 MHz, well above the measurement band. The cavity has a measured transmission (reflection) of 97 (3)%, limited predominately by mode matching loss.
The signal and idler fields are detected at two separate balanced homodyne detectors which allow their quadrature to be measured at any readout angle φ by changing the phase of either the signal or idler local oscillator (LO). The signal and idler homodyne LOs are generated by phase modulating a tap-off of the main laser field with a waveguide EOM at modulation frequency ∆/2. The modulation depth is chosen in order to maximise the power in the lower and upper 1st-order sidebands which correspond to the signal and idler LOs respectively. The field is split into two paths and is transmitted through two different optical cavity in order to isolate the signal and idler LOs. The optical cavities with a linewidth of the order of 800 kHz also provided additional amplitude noise suppression, lowering the common-mode rejection requirement for the homodyne detectors. The homodyne readouts are combined passively with an electronic combiner where the final measurement spectrum is taken, and the power of the signal and idler LO is tuned to ensure that the readouts are combined equally. 
II. OUTPUT FIELDS OF A NON-DEGENERATE OPO
The Hamiltonian for a non-degenerate OPO with perfect phase-matching is given by
where a s,i , a † s,i are the annihilation and creation operators of the intra-cavity signal and idler fields at frequencies ω and ω + ∆ respectively, b, b
† are the operators of the second harmonic intracavity pump field at frequency 2ω + ∆, and is the non-linear coupling parameter. The output fields of the OPO can be calculated using the quantum Langevin equations 3,4 . Assuming no pump field depletion, which is valid for the OPO operating below threshold, and that the cavity is held on resonance for the signal and idler fields, the equations of motion for the fundamental fields arė
together with its complex conjugates. A in and A l are the vacuum fluctuations that couples into the OPO via the input coupler, and via intra-cavity losses respectively. γ in and γ l are the decay rates for the input coupler and the intra-cavity losses in the fundamental field, and γ tot = γ in + γ l is the total OPO cavity decay rate for the fundamental field. θ b is the phase of the input pump field.
Solving the 4 equations of motion in the frequency domain gives the following relatioñ
and x = |b| 2γtot is the normalised pump parameter. The output of the OPO can be determined by using the following input-output relatioñ
The quadrature fluctuations X 1 (amplitude) and X 2 (phase) of these fields can be calculated using the transformationX
The quadrature fluctuations of the OPO output in terms of the input fields are then given bỹ
where
The variances, V (k) = |X (k) | 2 , of the output quadratures can be calculated by setting all the input fields to consist of vacuum fluctuations only, i.e. V in = 1. This results in
for both the quadratures of the signal and idler fields, where η esc = γ in /γ tot is the OPO escape efficiency. The output variance does not go below the shot noise limit, i.e. V out > 1 due to the sidebands about both the signal and idler fields being uncorrelated. However, by considering the combination X cond = X s,1,out − X i,1,out , the variance of the combined state is
This results in a reduction below the shot noise limit for θ b = π, due to the correlations between the upper sidebands of the signal fields with the lower sidebands of the idler field, and vice-versa from the parametric down-conversion process. Equations 15 and 16 are almost identical to the standard squeezed output equations from a degenerate OPO apart from the additional factor of two, which is due to the quantum noise level being referenced to the sum of the signal and idler shot noise level.
III. MODEL FOR A DETUNED TEST CAVITY
The equations of motion for a detuned test cavity is given bẏ
a tc is the creation and annihilation operators of the field inside the test cavity, A tc,in and A tc,l are the vacuum fluctuations that couples into the cavity via the input coupler, and via intra-cavity losses respectively. γ tc,in and γ tc,l are the decay rates for the input coupler and the intra-cavity losses, and γ tc = γ tc,in + γ tc,l is the total test cavity decay rate. ∆ γtc is the test cavity detuning normalized to γ tc . Following the procedure in Section II, the quadrature fluctuations on the test cavity reflection arẽ
= 2χ c η tc (1 + iΩ γtc ) − 1 −2χ c η tc ∆ γtc 2χ c η tc ∆ γtc 2χ c η tc (1 + iΩ γtc ) − 1
T tc,l = Γ2 √ γ tc,l γ tc,in (iΩI − γ tc M tc ) −1 Γ −1
= 2χ c η tc (1 − η tc ) 1 + iΩ γtc −∆ γtc ∆ γtc 1 + iΩ γtc
with η tc = γ tc,in /γ tc , Ω γtc = Ω/γ tc and χ −1 c = (1 + iΩ γtc ) 2 + ∆ 2 γtc is the optical susceptibility . The non-zero offdiagonal elements of T tc when ∆ γtc = 0 indicate that the input quadrature to the test cavity is allowed to couple into the orthogonal output quadrature, allowing the squeezed quadrature to be rotated.
IV. DERIVATION OF THE CLF ERROR SIGNALS
The CLF error signal is generated by injecting a phase modulated field 
and γ CLF is the decay rate of the mirror where the CLF was injected. The reflected and transmitted fields are determined using the following input-output relations A CLF,r = 2γ CLFã −Ã CLF (27)
The error signal on reflection is extracted by demodulating the reflected field at frequency ω m . By considering the static change to the error signal, i.e. setting Ω = 0, the error signal is proportional to 
which allows the CLF to be phase locked to the pump field. On transmission, the upper CLF sideband propagates with the entangled fields and beats the idler LO at the homodyne detector. The error signal is extracted by demodulating the homodyne signal at the difference frequency between the fields (∆ CLF in the main text), and is proportional to E CLF,t = Im A +,t A LO e −iφ LO (31)
With the reflected CLF lock engaged, i.e. θ b = 2φ c , the transmitted error signal simplifies to
allowing the idler LO to be phase locked to the pump field. A similar error signal can also be derived between the lower CLF sideband and the signal LO.
